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ABSTRACT 


Thin films of lead zirconate titanate (PZT) have emerged as an important mate- 
rial for applications based on their ferroelectric, pyroelectric and piezoelectric prop- 
erties. One of the recent applications, which has attracted lot of attention and effort, 
is in non-volatile computer memories based on the reversibility of polarisation state. 
However, there are several material related problems which have to be solved be- 
fore widespread technological adoption is possible. As far as memory applications 
are concerned, there are two such important degradation related problems known 
as fatigue and depolarisation. Fatigue, the degradation of switchable polarisation 
with number of switching cycles, has been studied in detail by many workers. On 
the other hand depolarisation, defined as short time retention of polarisation, is not 
well studied. In the present work, we study the depolarisation behaviour in sol-gel 
derived PZT thin films. 

Thin films of composition Phi_Qz{ZrQ^zTiQA 7 )Oz in the thickness range 0.8 — 
— 1.25yum have been prepared using sol-gel technique on Pt substrates. Two differ- 
ent heat treatments were employed m preparing the samples. Films which are fired 
at 400°C and annealed at 700°C are termed as slow fired samples and those fired at^ 
600°C and annealed at 700°C are termed as fast fired samples Routine characterisa- 
tion of the samples have been carried out using XRD, C-V and P-E measurements. 

The depolaristion behaviour of PZT thin films have been studied using a new 
measurement sequence which consists of following steps: (i) Polarising the sample 
to the desired polarisation state utilising P-E measurements, (ii) Switching or rein- 
forcing the polarisation state by applying a square voltage pulse (iii) Monitoring the 
polarisation as a function of time thereafter. Hysteresis loops have been recorded 
at various steps toi^bserve any possible changes in the loops parameters. The depo- 
larisation characteristics have been measured with respect to pulse height (1 5-20 V), 



pulse width (3-30s) and temperature. 

The hysteresis loops obtained from PZT capacitors exhibited asymmetry along 
the field axis indicating the presence of internal bias Ei which favours a definite 
polarisation state in the sample. We show that internal bias can be changed applying 
an external voltage pulse. We further show that there exists a definite relationship 
between achieved polarisation state and the final orientation of internal bias E^. In 
our measurements, we not only observed loss of polarisation but also backswitching 
of polarisation state. 

We have used an isothermal technique called time analysed transient spectroscopy 
(TATS) to analyse the polarisation decay curves. It is found that decay of polar- 
isation is exponential and the time constant are calculated from TATS. There is 
a sample to sample variation of observed time constants and this is attributed to 
inhomogeneous distribution of species producing the depolarising field. From the 
exponential nature of decay of polarisation, it has been concluded that the value of 
opposing depolarising field remains constant in the absence of external voltage. 

Our measurements with respect to pulse height, pulse width and temperature 
indicated that depolarisation behaviour is independent of these parameters. It is 
found that the values of internal bias E.^ obtained from low frequency measurements 
(0 4Hz) are influenced by measurement sequence itself but the orientation of E^ is 
not affected. 

We have considered three existing models in the literature and found that they 
are unable to explain some of our crucial observations scuh as exponential nature of 
polarisation decay and backswitching of polarisation states. We propose a new model 
based on the depolarising field arising from the asymmetry of charge distribution in 
the interfacial space charge regions, due to trapping(detrapping) of charge carriers 
while applying an external voltage pulse. 
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Chapter 1 


Introduction 


Ferroelectricity, the reversal of spontaneous polarisation by the applied electric field, 
was discovered by Valasek in Rochelle salt(Sodium potassium tartrate) in 1923. Af- 
ter this discovery, ferroelectricity was reported in many more crystals like KDP 
(Potassium dihydrogen phosphate), ADP (Ammonium dihydrogen phosphate) etc. 
But, significant breakthrough in understanding the structural origin of ferroelectric- 
ity came through the discovery of the same in BaTiOz in 1945. The large dielec- 
tric and piezoelectric constant of ferroelectrics immediately made these materials 
attractive candidates for a variety of applications. For many years, ferroelectrics 
dominated the field of sonar detectors, phonograph pickups and so on. Pyroelectric 
properties of these materials are utilised in fabrication of devices such as IR detec- 
tors etc.. However none of these devices directly utilised the ferroelectric nature of 
the material, namely large reversible spontaneous polarisation. In the recent years 
this switchability of the polarisation has been demonstrated to have applications in 
non-volatile memories for computer systems. Since then many laboratories all over 
the world are engaged in solving problems related to applications involving polar- 
isation reversal. In this thesis we investigate one aspect of ferroelectric capacitors 
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directly relevant to such applications. Before stating our problem, we introduce the 
necessary concepts briefly in the following sections. 


1.1 Ferroelectric Ceramics 

For the study of the fundamental properties of the ferroelctric materials initially 
single crystal samples were used because they provide the advantage of having less 
imperfections and suface effects. Ferroelectric ceramics, on the other hand have the 
advantage of being a great deal easier to prepare than their single crystal counter- 
parts. In many cases, they show ferroelectric properties approaching quite closely 
to those of the singel cr}'stals. In addition, it is possible to prepare wide range of 
ceramic compositions and to tailor the characteristics of the material properties for 
different applications. 


1.2 Lead Zirconate Titanate (PZT) 

Of many known ferroelectric ceramics lead ziroconate titanate (PZT), a solid solu- 
tion obtained from lead zirconate and lead titanate, has attracted the attention of 
the researchers because of its potential applications as pyroelectric detectors, piezo- 
electric transducers and in opto-electronic devices. The PZT ceramics are chemically 
represented by Ph{Zr^Tii-x)Oz. They are perovskite solid solutions of antiferro- 
electric PbZrOz and ferroelectric PhTiOz and can exist in any of three crystal 
structures; tetragonal, rhombohedral and orthorhombic. Above a certain tempera- 
ture called Curie temperature, the ceramic has a cubic structure and is paraelectric. 
On cooling below the Curie temperature, the phase transformation to tetragonal 
or rhombohedral structure depending upon the composition occurs. To minimise 
the accompanying stresses, each grain of the ceramic break into domains. In a do- 
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main the polarisation is directed along the crystallographically allowed directions. 
The net polarisation in the ceramic due to random orientation of domains is zero. 
When a sufficiently high electric field is applied, the domain tends to align along 
the field direction and the ceramic attains a net polarisation. This process is called 
poling In PZT ceramics, a sharp phase boundary between the rhombohedral and 
the tetragonal phase called the morphotrophic phase boundary (MPB). exists at 
the composition Pb{ZrQ bsTiq 47)03 The composition in the MPB region are of im- 
mense of technological importance because of high values piezoelectric coefficients, 
large remanent polarisation and reasonable coercive field etc. The sample used in 
this work are prepared with their composition near MPB. 

1.3 Ferroelectric Thin Films 

The first report of ferroelectric thin film growth involved the materials of perovskite 
structure. In 1955 Feldman [l] reported the synthesis of micrometer thick BaTiOz 
on Pt by flash evaporation. These films were amorphous as-deposited and had to be 
heated to above 1100 ° C to obtain polycrystalline films with a low dielectric constant. 
Later Moll [ 2 ] and Muller et al from Philco Scientific Labs., used a grain by grain 
evaporation technique to attempt a epitaxial growth. Muller etal[3] reported the first 
successful vapour growth of epitaxial films of a wide variety of simple perovskites 
on LiF heated to about 600° C. In beginning of 1970 synthesis was dominated by 
the newly developed rf sputtering technique. The capabilities of obtaining desired 
properties in thin film significantly widens the scope of applications. Rapid progress 
has been made in thin film devices in the last decade. 
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1.4 Preparation Techniques of Ferroelectric Thin 
Films 

In general, film deposition techniques can be divided into dry and wet processes. 
The dry process includes sputtering, evaporation, whereas the common wet processes 
are Metallo-Organic Deposition (MOD) and sol-gel. The wet processes usually use 
unheated substrates or low temperature deposition, whereas dry processes use a 
range of temperatures, typically unheated susbstrates to 700°C. As an example, 
MOCVD is done at elevated temperature due to the necessity of hot substrate 
surface for condensing films. On the other hand, sol-gel film deposition is usually 
done on unheated substrates. With exception of MOCVD, all other dry processes 
involve physical vapour deposition (PVD). The major PVD techniques differ among 
themselves in several ways, particulary in the energetics of the flux incident on 
the substrate during film growth. Techniques such as, rf-sputtering and ion beam 
sputtering tend to have large amounts of energetic species incident on the growing 
film due to large target voltages, whereas evaporation usually involves very samll 
energy flux at the substrate. Laser deposition and magnetron sputtering involve 
intermediate level of energetic bombardment of the substrate. All these techniques 
have been successfully used to prepare PZT thin films. However, among these 
techniques sol-gel route is probably the best as regards to formation of perovskite 
phase, homogeneity of composition and control over thickness. In this work we use 
exclusively sol-gel route to prepare the films. Sample preparation details are given 
in Chapter 2. 
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1.5 Motivation of this Work 


In this section we provide only a broad motivation behind this work, leaving the 
precise definition of the problem to a later section. One recent application of PZT 
thin films IS their usage in non-volatile computer memories based on their bistable 
polarisation state which can be switched from one state to another by applying 
an external voltage. A mlattempt was made in the 1950’s and 60’s by several re- 
searchers in this direction. But at that time one of the major obstacle was the lack of 
proper deposition technique that could achieve high quality sub-micron ferroelectric 
thin films. Earlier ferroelectric memories [4] employed bulk material that resulted 
in switching threshold of the order of tens or hundreds of volts, and the switch- 
ing speeds in the range of microseconds to milliseconds, rendering the technology 
incompatible with the silicon IC technology. 

However, with the advent of modern thin film deposition techniques to produce 
sub-micron ferroelectric thin films, the above mentioned problems have been solved. 
David Bondwant[5] fabricated a FERAM (Ferroelectric Random Access Memory) 
with 64k memory. FER.A.M’s with higher memory capacities were also reported 
in the literature[6] But, the commercial viability of these memories is dictated 
not only by the cost but also by their longterm time performance. There are sev- 
eral phenomena which degrade the properties of a ferroelectric capacitor used as 
a memory cell. Among them fatigue is the degradation of the sample polarisation 
by repeated switching and it has been studied by many authors in some detail[7]. 
The phenomenon of depolarisation is defined as short time retention property in 
the literature [8]. There is a related phenomenon, referred to as imprint by some 
authors [9], in which the sample capacitor develops a tendency to favour a preferred 
polarisation state. Though imprint itself is defined as a separate phenomenon, the 
exact demarcation line between these two properties, viz., depolarisation and im- 
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print, is not quite clear. In this work, we have confined to study the phenomenon 
of depolarisation in great detail to bring the possible mechanisms responsible for it. 


1.6 Depolarisation Studies: A Brief Review 

To the best of our knowledge, there are only two reports exclusively devoted to 
depolarisation phenomenon in PZT thin films by Benedetto et al[10] and Mihara et 
al [8] . Benedetto et al studied the effects of operating conditons on the fast decay 
component of the retained polarisation in PZT thin films. They simulated the 
write (read) conditions that would be experienced by the ferroelectric film in a non- 
volatile memory circuit. In a memory element a data bit (T’ or ’O’) will be stored 
and available for query at some later time. During a read the memor\' element 
must be able to respond with the proper state in a time scan from few hundred 
nanoseconds upto full year or more after the write pulse. 

The measurement sequence used in their work consists of short square voltage 
pulses for both storing data bits (write pulse) and for querying the stored values 
(read pulse). Write pulses are positive to store a ’1’ and negative to store a ’0’ 
and read pulses are always positive (arbitrary convention) . The schematic of the 
pulse sequence used by Benedetto et al is shown in Fig. 1.1. The signals generated 
during the read voltages to indicate the memory state are voltages appearing across 
the sense capacitor of the Sawj-er-Tower circuit. For a stored ’1’ a relatively small 
voltage appears across the sense capacitor and for stored ’0’ a relatively high voltage 
appears. The difference in the voltage in these two cases is the ’’Memory window^”, 
that enables the memory circuit to distinguish between ’0’ and The difference 
between these two cases is termed as the retained polarisaion i.e., the retained 
polarisation = memory window. The decrease of memory window is monitored as a 
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Fig 1 1 Pulse Sequence adopted By 
Benedetto et al For Depolansaion Study 


function of time delay between the write and read pulses 

Using this basic approach for measuring the retained polarisation, they varied 
scveial parameters to investigate the mechanisms involved in the fast decay of re- 
manent polarisation The parameters varied are write (read) pulse amplitude, write 
(read) temperature and the number of fatigue cycles experienced by the sample. 
The samples used for their work were 200nm thick Sol-Gel derived PZT (40/60) 
capacitors with Pt top electrodes and non-pattenied bottom electrode. 

The polarisation decay was measured at three different write (read) voltage levels 
(3 5V, 5.0V and 7.7V) From the results of the measurements it has been concluded 
that neither the relative fraction of loss of initial polarisation nor the time scale for 
the decay are significantly dependent on the magnitude of the pulses used to write 
and read, i.e., the magnitude of the time dependent retained polarisation simply 
scales along with the initial iiolarisatioii. 

The polarisation decay was measured at two levels of fatigue (< 10'^ switching 
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cycles and 2 x 10^ switching cycles). A bipolar square wave of ±5V at a rate 
of 333kHz was used to apply the switching cycles. In the fatigued samples the 
percentage of loss of polarisation has changed, but the exact nature of the change 
has not been reported. Benedetto et al emphasize the requirement of more data in 
this regard before making any definite correlation. 

The nature of the polarisation decay was studied at room temperature and at 
125°C. The measurements at 125°C indicated higher initial rate of decay than it 
was in the room temperature measurement. But, Benedetto et al emphasize the 
requirement of more data for making any definite correlation. 

Based on their experiments, Benedetto et al propose a model to explain the fast 
decay component of polarisation In this model the results of the fatigue and tem- 
perature measurements were not taken into account. According to their model time 
dependent depolarisation fields cause the partial reversal of polarisation. Benedetto 
et al expalin their model as follows: To some extent depolarisation fields always 

exist in thin insulating ferroelectric thin films due to extent of finite separation be- 

2 .\ 

tween the polarisation charge and the compensating free charges in the electrode[?]. 
If the polarisation is essentially constant upto the immediate vicinity of the elec- 
trodes then depolarisation fields are generally small. However, if a gradient in the 
polarisation exists over some appreciable distance near the electrode interfaces or 
if the compensating charges in the electrodes is distributed over a finite screening 
distance or especially if there are non-switching layers in the ferroelectric film near 
the interfaces then the depolarisation fields may be significant. Indeed since the de- 
polarisation fields are in a direction opposite to that of the bulk polarisation, partial 
reversal of polarisation may occur if the magnitude of depolarisation field exceeds 
the coercive field. In turn, the depolarising fields relax as the reverse switching 
occurs with the process ceasing when depolarising field drops approximately to the 
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value of coercive field 

Benedetto et al obtained only the quantitative loss of polarisation with different 
time delays between the read and write pulses, but the exact nature of decay of 
polarisation in this time interval was not studied. 

Mihara et al [8]carried out an extensive of depolarisation behaviour in sol-gel 
derived PZT by utilising four consecutive positive pulses intstead of conventional 
positive and negative double pulses. The schematic of pulse sequence adopted by 
Mihara et al is shwon in Fig 1 2. The normal hysteresis loop and modified hysteresis 
loop to explain the proposed depolarisation are given in Fig. 1 3, where Pr and Ps 
represent remanent and saturation polarisation respectively and subscripts -f and - 
represent the polarity. In Fig. 1 2 notations A to D show the path of the hysteresis 
loop corresponding to the pulse train being evaluated. The trace passes from A to 
C, when the polarisation is switched. After the polarisation switching and pulse has 
fallen to zero, the state C is assumed, to transit to the relaxation point D. For a 
non-switched pulse, the trace passes form D to C through B. Consequently Pr+ is 
observed as the difference between the C and D, which is assumed to transit after the 
pulse falls to zero. The parameter is defined as the depolarisation parameter by 
Mihara et al. Extended evaluations were carried out for pulse height, pulse width, 
temperature dependence and space charge effect. 

The depolarisation parameters are measured by changing the width and height 
of the pulses. The pulse height was changed from 3V to 8V and they found that 
depolarisation parameter is independent of pulse height. The width of the pulses 
are changed from 1-lOOps. In this case the depolarisation parameter is found to 
be independendent of pulse width. Prom these measurement they concluded that 
depolarisation is not governed by an unsaturated polarisation at first read pulse. 

A possible depolarisation mechanism is trapping (detrapping) of carriers to 
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No.rmal H\ sterc.sis loop and Electric Field Expected hysler^is loop from 

^ 

h> Niere.sis parametei s depolarisation effects 


Fig. 1.3 Schematic Showing Normal Hysteresis Loop And 
Expected Hysteresis Loop From Depolarisation Effects 

(Ref. Mihara et al) 
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(from) space charges in ferroelectncs. To clarify this effect, the depoalrisation pa- 
rameter IS studied as a function of temperature. The depolarisation parameter Pr+ 
did not change in the temperature range from 20 - 160°C. The depoalrisation pa- 
rameters are also studied as a function of excess lead in the stock solution which is 
used to prepare PZT thin films The depolarisation parameter did not change signif- 
icantly with excess lead %. Hence, they concluded that space charge effects have no 
influence on the depolarisation mechanism. However, we feel that rejection of space 
charge model is not fully warranted 

Based on their measurements, Mihara et al propose a model for depolarisation 
by attributing the origin of depolarisation field to the standard capacitor connected 
to the sample in depolarisation measurements. This field is called external depolar- 
isation field Ed{ext). When the input voltage Kn goes to zero, the top plate of the 
standard capacitor is still at higher potential and hence produces an depolarisation 
field. But, the depolarisation phenomenon has been reported in resistor loaded cir- 
cuits also. In this case hlihara et al explain the depolarisation on the basis of an 
interfacial capacitor in the sample and this interfacial capacitor is similiar to that 
of model proposed by Benedetto et al. The schematic of the model is as shown in 
Fig. 1.4. 

The measuring circuit which is used by Mihara et al is conventional Sawyer- 
Tower circuit[ll]. One essential requirement of this circuit is that the value of the 
standard capacitor used in this circuit should be very large compared to the sample 
capacitance. But, the standard capacitor used by Mihara et al has a ratio of only 20 
with sample capacitance while a ratio in the order of several hundreds is preferred. 
Their model that depolarisation field has it’s origin in the field produce by a charged 
external capacitor is crucially dependent on this choice of low standard capacitance. 
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(a) The state when Vin 
is positive high 


(b) External depolarisation (c) Internal depolarisation 
field when Vin is ground field of interfacial 

lelvel capacitor 


Fig. 1.4 Schematic of the Model For Generation of Depolarisation 
Field Proposed By Mihara et al 
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1.7 Definition of the Problem 


It IS evident from the preceding review that there is a lack of coherent understanding 
of depolarisation phenomenon in PZT thin film capacitors. In this work, we have 
adopted a new measurement sequence which enables us to monitor the phenomenon 
m the time domain after subjecting the sample to various combination of polarisation 
state sequence. We also relate it to other electrical parameters through Polarisation- 
electric field measurements at various steps of measurements We report several new 
characteristic features, which can provide significant clues regarding the underlying 
mechanisms. We have used for this purpose sol-gel PZT films which are otherwise 
well characterized. 

Samples prepared under two different heat treatment conditions are used for 
studying the depolarisation behaviour. The phenomenon is studied with respect 
to pulse height, pulse width and temperature. We propose a model to explain the 
origin of depolarisaion behaviour on the basis of trapping and detrapping of charge 
carriers in space-charge region in the sample. 

The organisation of thesis is as follows: Chapter 2 has the details of sample 
preparation and description of experimental set-up. Chapter 3 contains the details 
of measurments and results. The results are discussed and a new model is proposed 
in Chapter 4 and Chapter 5 is a brief summary of conclusions drawn and scope for 
future work in this field of research. 
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Chapter 2 


Experimental Details 

2.1 Introduction 

A wide variety of preparation techniques have been employed to produce PZT thin 
films such as sputtering, sol-gel, chemical vapour deposition (CVD), electorn beam 
evaporation and laser ablation[12, 13, 14, 15]. The choice of an appropriate prepa- 
ration technique depends on the final application of these ferroelectric films. The 
requirements for use in the electronic applications such as memories, is very strin- 
gent and some of the major requirements are strict control of stoichiometry", uniform 
deposition over a large area (diameter around 100mm to 200mm), high deposition 
rate and high throughput. Among the techniques mentioned above, sol-gel pro- 
cess offers the advantages of molecular homogeneity, high deposition rate and high 
throughput and excellent composition control. In addition, the deposition can be 
under ambient conditions and it is easy to introduce dopants into the films. All the 
samples for the present work were prepared utilising the sol-gel method. 
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2.2 Sol-Gel Method 


Sol-gel technology arose as a method of fabrication of high quality ceramics and 
glasses The term sol represents the solution of sub-micron particles and gel rep- 
resents the interconnected porous mass obtained from the sol. In the recent years, 
this technique has been extended to the fabrication of thin films or coatings of 
different substrates. In particular, attention has been given to the production of 
films of materials such as ferroelectric PZT, the high temperature super-conductor 
yttrium-barium copper oxide, conductive coatings of indium tin oxide and optical 
and protective coatings of complex oxides[l6]. 

There are essentially, two different kinds of sol-gel technology. The first a col- 
loidal method, involves the dispersion of colloidal particles in a liquid to form a sol 
and then destabilization of the sol to produce a gel. The second method involves the 
polymerization of organometallic compunds, such as alkoxides to produce a gel with 
a continuous network[17]. In the present work, the PZT thin films were prepared 
using the second method. 

In the present context, the term sol-gel is used to describe chemical processes in 
which the polymeric gels are formed from metallo-organic starting solutions. The 
most commonly studied sol-gel systems are based on the chemistry of the metal 
alkoxides M(Oi?)„. Many of these species readily undergo hydrolysis and condensa- 
tion reactions, leading to oligomer formation and eventual gelation. The key steps 
in the gel forming reactions can be summarized as follows: 

HYDROLYSIS 

M-OR -f H 2 O M-OH + R-OH 

CONDENSATION 

M-OH + R-OM M-O-M + R-OH 

M-OH + m-M M-O-M + H 2 O 
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For thin film work, the gel forming solutions are coated onto suitable substrates 
by spm-on, dip or spray coating techniques, after which drying and firing stages 
convert the gel coating to an oxide film In the present study, PZT thin films were 
prepared by spin coating technique. 

In sol-gel processing, chemicals for preparing films are dissolved in a liquid to 
form a solution Since all the starting materials are mixed at the molecular level 
in the solution a high degree of homogeneity of film can be expected Another 
advantage of the sol-gel process is that because of the solution form of raw materials, 
trace elements can be easily introduced into the solution by adding the elements in 
the form of organo-metallic compounds or soluble organic or inorganic salts. Such 
trace elements can be important in adjusting the microstructure or in improving the 
properties of the oxide films[18] 

2.3 Preparation of P 6 (ZrOo. 53 TzOo. 47)03 Thin 
Films 

The PZT ceramics are chemically represented by Pb{ZrxTii-x)Oz- They are per- 
ovskite solid solutions and can exist in any one of the three crystal structures: 
tetragonal, rhombohedral and orthorhombic. The boundary between tetragonal 
and rhombohedral phases at a: = 0.535 is a sharp morphotrophic phase boundary 
(MPB). The compositions in the MPB region are of great technological interest 
because of high values of piezoelectric coefficients, large remanent polarization, rea- 
sonable coercive field etc., Hence, for the present work samples with morphotrophic 
composition {x = 0.535) have been prepared. 

Precursor solution for the preparation of films are prepared utilising modified sol- 
gel process proposed by Desu et al[15]. The starting materials for the preparation 
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Table 2.1 


Chemicals used in Preparing the Sol 


S.No. 

CHEMICALS 

MOLES 

1. 

Lead acetate 

1.05 

2. 

Acetic acid 

6.60 

3. 

Zirconium-n-Propoxide 

0.53 

I 

4. 

Titamum-4-butoxide 

0.47 


of the sol are lead acetate, zirconium-n-propoxide, titaiiium-4-butoxide and acetic 
acid The acetic acid is used as a chelating agent to increase the shelf life of the 
precursor solution. To prepare the film a small amount of stock solution was taken 
and calculated amount of propanol and acetic acid were added to it. The relative 
amounts of various chemicals used in a typical sol are given in Table 2.1. 

A 5 mole% of excess lead was used to compensate for any lead loss during the 
heat treatment cycle. 

Platinum substrates have been used in this work as it is convenient for electrical 
contact and also it is known that high quality PZT films are obtained on it. Prior to 
the film coating, the platinum substrates. are polished mechanically using velvette 
cloth and lyum A1203 particles dispersed in water. The polishing is continued till 
a mirror finish is obtained. The polishing is done to remove any pinholes, surface 
imperfections which may lead to poor quality of films. The substrates were then 
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cleaned using the cleaning procedure as shown in Fig. 2.1. 

By this cleaning procedure, thin layer of oxide and other impurities are removed 

2.3.1 Spin Coating 

The PZT thin films for the present work are prepared using the spin coating tech- 
nique The platinum substrate is fixed on the head of a centrifuge (REMI IN- 
STRUMENTS) and rotated at 5000 R.P.M. The precursor solution is applied to 
the substrate using a syringe and after coating, the substrate is rotated for 5sec to 
obtain uniform film thickness which is inferred by observing the inteference colours 
of the film. The film thickness formed in a single coating is mainly controlled by the 
viscosity of the solution and spin speed (in R.P.M). The viscosity of the solution is 
directly related to the molar concentration of the solution[19]. The film thickness 
linearly increases in proportion to the increase in molar concentration of the solu- 
tion. Empirically, film cracking is directly related to the film thickness as well as the 
heating rate. Film cracking occurs when the thickness in a single coating is larger 
than a critical value. For PZT films on the platinum susbstrates, the tendency for 
the film cracking increases sharply, when the molar concentration of the PZT solu- 
tion IS larger than 0.5M. Therefore, the molar concentration of the solutions used in 
this work are kept less than 0.5M. 

The film thickness can also be controlled by the spin speed. The relationship is 
given by equation[15] 

t = ku^ (2.1) 

where, t = film thickness 

k = constant dependent on evaporation rate, viscosity, the diffusivity and molec- 
ular weight of the solvent. 


18 



Soak in dil. Hcl overnight 


Boil in soap solution for 10 minutes 


Ultrasonicate with distilled water 


Ultrasonicate with triple distilled water 


Ultrasonicate in acetone 


Ultrasonicate in tricholoroethylene 


Ultrasonicate in Acetone 


Ultrasonicate in triple distilled water 


Ultrasonicate in ethyl alcohol 


Dry on 42 Whatman filter paper without spots 


Fig. 2.1 Block diagram for substrate cleaning procedure 
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Lj = spin speed, and 
n = - 0.5 

2.3.2 Firing and Annealing 

Two types of firing and annealing as proposed by Majumder et al[20] was used in 
this work. After each coating, the film was fired at 400° C for SOminutes to drive off 
the organics present in the film. The film thickness can be increased by repeating 
the spin coating - firing sequence After required thickness is obtained, the film was 
annealed at 700° C for one hour to obtain the crystalline film. The film obtained 
by this heat treatment is termed here as the slow fired sample. 

In the second case, after each coating the film was fired at 600° C for 30 minutes 
to drive off the organics. The spin coating-firing sequence was repeated to obtain the 
desired film thickness. After this, film was directly introduced into the furnace at 
700°C and annealed for one hour. The film obtained by this method is termed here 
as the fast fired sample. In both the slow and fast fired samples firing and annealing 
was done in O 2 ambient, to maintain the the stoichiometry of the solution. The 
schematic of the heat treatment adopted for slow fired films is given in Fig. 2.2 and 
for Fast fired films is given in Fig. 2.3. 

The flow diagram of the preparation of PZT films using the modified sol-gel 
process is as given in Fig. 2.4. 
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A Lead da* ^ 2irconium-n- Titanium -4- 

Acetate ^ Acetic acid Propoxide Butoxide 


Dissolve A in B at 90 C Mix and stir for 30 minutes 


Add acetic acid 
Strr for 5 minutes 


Mix and stirr for 20 minutes at 90 C 


Dilute parent sol using propanol and acetic acid 


Spin coat at SOOOrpm forSsec 


Rre the film at 400 C 


Anneal the film at 600 C 


PZr film 


Rg 2 4 Row diagram for preparation of PZT thin films 
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V(input) 


Standard 

Capacitor 





Fe Sample 


V(output) 


Fig. 2 5 Schematic of modified Sawyer-Tower circuit 

2.4 Experimental Details 

2.4.1 Experimental Set-Up For Hysteresis Measure- 
ments 

The hysteresis measurements were carried out using the conventional Sawyer- Tower 
circuit [11]. The Schmeatic of Sawyer-Tower circuit and it’s implementation are given 
in Figs. 2.5 & 2.6. By measuring the voltage acorss the standard capacitor, the 
polarization value of the sample can be determined. A bipolar triangular voltage of 
desired peak voltage is generated at 0.4Hz using the computer. The voltage is then 
amplified by the bipolar voltage amplifier (KEPCO BOPIOOOM). The amplified 
voltage is then applied across the sample-standard capacitor combination. The 
standard capacitance is usually very large compared to the sample capacitance so 
that most of the applied voltage drops across the sample. 

The voltage across the standard capacitor is measured using the electrometer 
(KEITHLEY 610C) which has very high input impedance (lO^^n). The value of 
the standard capacitor used in our work is 225nF. The output of the electrometer is 
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Fig. 2.6 Schematic of implementation of modified Sawyer-Tower circuit 

read back using the AD card and the readings are stored in a data file. The sample 
polarization is calulated according to the following equation 

P = Q/A 
Or P = C V^t/A 

where, P= sample polarization. C= capacitance of the standard capacitor, Vout= 
voltage across the standard capacitor, and A= area of the sample capacitor 

2.4,2 Description of Set-up For Depolarization Measure- 
ments 

The depolarization measurements were also carried out using the conventional Sawyer- 
Tower circuit. A square voltage pulse of desired magnitude is generated using an 
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Fig. 2.7 Sample holder for P-E measurements 

D/ A add-on card in the computer. The voltage pulse after amplification using the 
bipolar voltage amplfier (KEPCO BOPIOOOM) is applied across the sample-standard 
capacitor combination. By measuring the voltage across the standard capacitor, the 
polarization of the sample is calculated. The polarization is monitored as a function 
of time. To enable recording of long transients, the sampling time interval between 
the data points is chosen to be different for each decade of time. 

2.4.3 Description Of The Sample Holder 

The sample holder used in the hysteresis measurements is shown in the Fig. 2.7. It 
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has been made using the Ag-Cu alloy. The probes used in it for making electrical 
contacts to the sample, are mounted on the base using a teflon block. The sample 
holder has an additonal arrangement for temperature measurement. For heating the 
sample to desired temperature, it has been equipped with 16^ heater coil. 

A sample holder was constructed, which can be used for performing the Hys- 
teresis loop measurements. Capacitance- Voltage and electron emission experiments. 
The base of the sample holder, supporting platforms for the grids and the holder for 
the collecting electrode were made of perspex The distance between the grids and 
the sample can be varied. The arrangement for this variation is made by making 
slots in the aluminium blocks and sliding the grids and collecting electrode through 
it as shown in the Fig. 2.8. The electron emission experiments can be done without 
the grids also by removing them from the set up. The collecting electrode can be held 
as close as possible (3mm) to the sample. The electrical connections to the bottom 
electrode is made through an aluminium foil fixed on the top of the bottom platform. 
The electrical connections to the top electrodes is made through either using a probe 
made up of spring steel or using thin copper wires connected to the electrodes using 
the silver paste. The collecting electrode or anode is an ITO (Indium tin oxide) 
coated glass which can be maintained at any desired potential with respect to the 
sample. The experiments can be done with one or two grids. The One of the grid 
can be used in the grounded configuration to reduce the the electromagnetic noise. 
The other grid can be maintained at same potential as the collecting electrode for 
accerlating the electrons emitted from the ferroelectric sample. The whole assembly 
is maintained inside a vaccum chamber during measurements. The vaccum cham- 
ber is evacuated using the Rotary pump. However, electron emission measurements 
were not carried out in this work. The present sample holder is convenient for many 
planned experiments related to this work. 
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Fig. 2.8 Schematic of the Sample Holder Used in the Electron 

Emission Experiment 


I 
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Chapter 3 


Measurements and Results 


In this chapter, we present the measurements and results, leaving their discussion 
to the next chapter. 


3.1 Sample Details and Standard Characteriza- 
tion 

The PblQ 5 {Zro 5 sT^Q 4 J)Oz thin films used in this work are prepared by sol-gel 
method. For studying the depolarisation characteristics, samples prepared with 
two different heat treatment sequences are used. The sample which is fired at 400° C 
and annealed at 700°C is mentioned as slow fired sample. The sample which is fired 
at 600°C and annealed at 700°C is mentioned as fast fired sample. 

The thickness of the films used in this work are measured using the surface 
profilometer (Model alpha steplOO.Tencor instruments). The thickness of the slow 
fired sample is 1.25/im and that of the fast fired sample is 0.8//m. 

The phases in the film are determined by X-ray diffractometer (Richseifert Iso 
debyeflex-2002), using Cu — Ka radiation with a monochromator. The formation 


28 



of perovskite phase in the both fast and slow fired samples (cf. §2.5)is confirmed by 
anlysing the X-ray diffraction pattern. The quality of the samples used in this work 
are at par with the samples reported in the literature and this has been confirmed by 
various studies on phase formation, microstructure and electrical characterization 
of the samples by Majumder et al[20], in our laboratory. 

For evaluating the depolarisation characteristics of the samples, circular Au- 
Pd electrodes of diameter 0.6mm and 0.5mm are deposited on the fast and slow 
fired samples respectively The electrodes are deposited using the sputtering unit 
(Hummer VA-Anatech Ltd.,) operating at 80 mtorr in argon ambient 

3.2 Polarisation - Electric Field Measurement 

The polarisation of the sample as a function of the applied electric field is studied 
using an automated modified Sawyer-Tower circuit [11]. P-E loop exhibits expected 
non-linear dielectric behaviour, i.e., hysteresis which separates ferroelectrics from 
linear dielectrics. The hysteresis behaviour is because of the spontaneous polari- 
sation at temperatures less than the Curie temperature. At lower field strengths 
in unpolarised material the polarisation is initially reversible and is nearly linear 
with the applied electric field. At higher field strengths, the polarisation increases 
considerably as a result of switching of the ferroelectric domains. At higher field 
strengths, the change in polarisation is small due to polarisation saturation. In this 
condition, all the domains of like orientation are aligned with the field. Extrapo- 
lation of the high field polarisation back to zero gives the spontaneous polarisation 
{Pg). When the applied field continues to be applied at values greater than required 
to achieve Pg, the spontaneous polarisation continues to increase but only propor- 
tional to initial dielectric constant. When electric field applied to sample is cut off. 
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the polaxisation does not go to zero but remains at a finite value called remanent 
polarisation(Pr)' This is due to oiiented domains being unable to return to their 
random state without an additional energy input by an oppositely directed electric 
field The strength of the electric field required to make the polarisation (P) of the 
sample to zero is called coercive ficld(i7c) 

Typical hysteresis loops for slow and fast fired samples are given in Figs. 3. 1-3.2. 
The remanent polarisation (Fr) of the slow fired and fast fired sample are nearly 



Fig 3 1 P — E characteristics of 
slow fired sample 


same (35/iC'/a;/3). The coercive field for the slow filed sample is G4 kV/cm which 
is less than the Ec of fast fired sample (84 kV/ern). 

The P-E measurements which are carried out on the freshly prepared sample ca- 
pacitors exhibited asymmetry along the polarisation and field axis. This asymmetry 
is not a pronounced one. When the P— E measurements are carried for the second 
time on these fresh capacitors, the, hysteresis loops are shifted along the polarisation 
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axis but the asymmetry along the field axis is maintained. The shift along the polar- 
isation axis (Y-axis) is merely due to the initial potential of the standard capacitor 
and only need to be subtracted to obtain the true hysteresis loops However, the 
asymmetry along field axis (X-axis) has more fundamental physical origin. 



Fig 3 2 P— E chorocteristics of 
Fast fired sample 


Nearly all the P-E mcasuienients earned out in this work, resulted in hysteresis 
loops exhibiting asymmetry along the field axis. An asymmetry is expected along 
the field axis only when a dc bias is superimposed on the measuring ac field. But, 
in our measurements there is no such superimposition and it appears as if there is 
dc bias naturally existing inside the sample. This bias is called the internal bias and 
it is calculated from the asymmetry of hysteresis loops along the field axis as 


VVhcie Et = Field due to internal bias, Ec+ = value of coercive field along the postive 
field axis, and Ec- = value of coercive field along the negative field axis. 
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Hence, the sign of (which determines the orientation of E, inside the sample) 
is positive if loop is shifted along the positive field axis and it will be negative, if it is 
shifted along the negative field axis Throughout the course of this w'ork, hysteresis 
loops for many samples under different conditions have been studied. We found a 
relation between the asymmetry and sign of saturation polarisation exhibited in all 
these loops For example, in Fig. 3 3 the loop is shifted along negative field side 
and the saturation of polaristion is well pronounced in positive field side. In Fig. 



Fig 3 3 P— E Loop Showma Relation 
Between Field Asymmetry With 
PolansotioQ 



Fig 3 4 P-E Loop Showing Relotion 
Between Field Asymmetry W»th 
Polorisotion 
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3 4, I, he looi) is slultcd along (,hc positive field side and sattiration of polarisation is 
well pionounced m the lu'gaXive field side. This lelatiou is due to the picscucc of 
inteiual bias inside the sample We will picseut moie results on the internal bias in 
the following seetions 



.’t 


Fig 3 5 C-V Loop Exhibiting Asymmetry 
Along Voltoge and Copocitonce axis 


3.3 Capacitance - Voltage Measurements 


The small signal caiiaeitanee o( the sample is m('asme<l using th(' Impedaiu.e analyser 
(HP 4192A) For this measurement a dc field is swept from -KnoT to +Vm„x in 
steps of 0 5V ineiements with a, si.ep latc of bsteji/sec. The svvee)) of tlvc dc field 
modulates the polarisation state of the sample across the P-E hysteresis loop. Thus, 
the capacitance changes with the d.c field as (dielectric constant oc dPidE) resulting 
m hysti'ieic C-V loop iota ting in diiection. The vatiatioii in the dielectiic i espouse 
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with the dc field is associated with domain switching process[21]. For low dc fields, 
the main contribution to the dielectric constant is the increase in polarisation due 
to domain reversal. The fields corresponding to the dielectric constant maxima are 
approximately equal to the coercive fields determined from the P-E hysteresis loops. 
For high dc fields most switchable domains align along the direction of the electric 
field. The dielectric constant is relatively small since it is mainly determined by the 
vibrations of the dipoles. Therefore the shape of the C-V loop contains information 
regarding distribution of relaxation times of domains. The C-V characteristics of 
fast fired sample studied at lOOkHZ is given in Fig 3.5. From the zero bias values of 
the capacitance, the dielectric constant of the samples are determined The dielectric 
constant of the slow fired sample and fast fired sample is nearly same (313 and 323 
respectively in this case). 

The C-V loops recored on the samples also exhibited asymmetry along the volt- 
age and capacitance axis. The asymmetry of the C-V loops along the voltage axis 
is due to presence of internal bias. Here also there exists a definite relation between 
the asymmetry along the voltage and capacitance axis. If the loop is shifted along 
the positive voltage side then the peak value of capacitance in the negative voltage 
side is larger than in the positive voltage side. This relation is another manifestation 
of the relation between polarisation state and Ei found through P-E measurements. 


3.4 Depolarisation measurements 

3.4.1 Description of the Measurement Sequence 

As mentioned in Chapter 1, various fast pulse sequences have been used in the 
literature to study depolarisation characteristics of the ferroelectric lead zirconate 
titanate thin films. 
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Benedetto et al studied depolarisation characteristics with respect to magnitude 
of the applied voltage pulse and temperature. The fatigue dependence was also 
studied. Mihara et al carried out an extensive study of the depolarisation character- 
istics of PZT with respect to number of measurements, width and height of applied 
voltage pulse, excess Pb % , temperature dependence and the dependence on the 
load capacitance. However the time dependence of the polarisation was not carried 
out by Mihara et al. 

Further in their measurement sequence, P-E measurement was not included. 
Hence any possible changes in the sample parameters like Pr, Pc etc., due to depo- 
larisation measurments was not detected. 

We adopted adopted a new measurement sequence for evaluating the depolar- 
isation characteristics of the ferroelectric lead zirconate titanate thin films, which 
includes P-E measurements and explicit observation of depolarisation characteristics 
in the time domain. The steps adopted for evaluation of depolarisation characteris- 
tics are given below. 

1. Polarise the sample to the particular polarisation state using P-E measurements. 
Usually, P-E measurements leave the sample in a definite polarisation state and 
hence by changing the voltage sequence applied to the sample during the P-E mea- 
surements, the desired polarisation state (+Pr or —Pr) can be achieved. 

2. Polarisation of the sample is switched (non-switched) by applying a square voltage 
pulse. The magnitude of the pulse is equal to the voltage at which polarisation 
of the sample saturates. The width of the voltage pulse can be varied. Once the 
voltage pulse is applied to the previously polarised sample, the corresponding change 
in polarisation values are monitored as a function of time. The time scale starts 
when the voltage pulse is applied to the sample. The typical monitoring time for 
depolarisation measurements is one hour. 
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Table 3.1 


Initial 

Polarisation 

state 

Polarity 

of applied 
Voltage 

pulse * 

Final 

Polarisation 

state 

Mentioned as 
( S.C : switching case 

N.S.C : Non-switching case) 

+Pr 

Negative 

-Pr 

+Pr; S.C 

+Pr 

Positive 

+Pr 

+Pr : N.S.C 

-Pr 

Positive 

+Pr 

-Pr: S.C 

-Pr 

Negative 

-Pr 

-Pr: N.S.C 


* Polarity of the applied voltage is determined w.r.t top electrode 
of the sample. If the top electrode is at higher potential than 
bottom electrode, then the applied voltage is posittive and vice 
versa 


3 After the depolarisation measurements are over, P-E (Polarisation Vs Electric 
field) measurements are again carried out on the sample, to monitor any changes 
during the course of depolarisation. 

In step-2, depending upon the polarity of the applied voltage, we vnll have ei- 
ther switching or non-switching of the previously polarised state. Since the initial 
polarisation state of the sample can be either +Pr ox -Pr, we will have four differ- 
ent cases, depending upon the initial polarisation state and polarity of the applied 
square voltage pulse. The different combinations are summarised in Table 3.1. 

The depolarisation characteristics of the ferroelectric lead zirconate titanate thin 
films are studied with respect to the following parameters: 

1. Magnitude of the applied voltage pulse 
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Log time 


Fig 3 6 Genereal features of depolansation characteristics of 
Ferroelectnc lead zirconate titanate 


2. Width of the applied voltage pulse 

3. Temperature 

3.4.2 Description of the General Behaviour of the Depo- 
larisation Characteristics 

The depolarisation characteristics of the lead zirconate titanate thin films in general, 
consists of four different regions. The schematic of the four different regions of 
depolarisation characterisitics is given in Fig. 3.6. 

When a square voltage pulse is applied to the previously polarised sample, there 
is an instantaneous rise of polarisation. The magnitude of rise in the switching 
cases is larger than the non-switching cases. The amount of instantaneous rise of 
polarisation is represented by PI. This instantaneous rise of polarisation is due to the 
nanosecond switching of polarisation. In the time interval during which the voltage 
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of the applied pulse remains constant i.e., width of the voltage pulse, there is a 
comparatively small increase m polarisation. The amount of increase of polarisation 
in this second region of the depolarisation characteristics is represented as P2. The 
rise in this region is due to lekage current of the sample, which gets integrated by 
the standard capacitor used in the depolarisation measurements. 

When the applied voltage pulse becomes zero, there is an instantaneous loss of 
polarisation The amount of loss of polarisation in this third region of depolarisation 
characteristics is given by P3. The loss of polarisation in this region is due to the 
reverse nucleation of the domains, before applied field value become equal to the 
coercive field. 

Ideally, the zero field value of the polarisation i.e remanent polarisation should 
be maintained by the ferroelectric sample for long time. But in the measurements it 
is observed that polarisation starts to decay from this zero field value. This fourth 
region of the depolarisation characteristics is of our interest and this region is called 
as the depolarisation region and amount of loss of polarisation in this region is given 
by P4. 

In different cases of switching and non-switching of polarisation, the loss of polar- 
isation is different. In order to get a generalised picture of this loss, the polarisation 
loss at the end of fixed amount of time is given in terms of percentage which is 
calculated as given below: 

Polarisation loss = (PA/Pr) x 100% 

where P4 = Amount of loss of polarisation in the depolarisation region, and Pr 
= Remanent polarisation of the sample. 

For analysing the decay transient, we have used the technique of time analysed 
transient spectroscopy (TATS). In this technique a signal S(t) is constructed from 
the depolarisation curve as 


38 



S(i) = P(ti) - Pfe) 


(3.2) 


For a decaying curve, this signal would go through a maximum at a certain time 
t(max). For specifity, if we assume that the decaying signal is an exponential with 
a time constant (r), then 

S{t) = (3.3) 

where Pq is the total strength of the exponential or Pq = P(0) — P{infimty). For 
this case t(max) and r are related as 

r = t(max)/ln2 

The signal also provides a measure of non-exponentiality if any, through the 
comparison of the line shape. The other advantage is that the presence of constant 
value gets automatically eliminated from the analysis. It is enough to obtain a 
peak to be able to calculate the time constant. Hence, the time constant can be 
calculated, even when the saturation of polarisation is not observed. The schematic 
of the result of anlysis of an exponential decay of polarisation with TATS is given 
in Fig. 3.7. 

The sample parameters Pr, Pc and are noted down before and after the 
depolarisation measurements. There is no change in values of Pr and of the 
samples after the measurements. This implies that loss of polarisation is not due to 
any degradation of the sample, as it is observed in fatigue. 

In all our depolarisation measurements with four different cases of switching 
and non-switching of polarisation and with respect to all adopted experimental 
parameters, there exists a strong relation between the polarisation state achieved 
in the depolarisation measurements by applying a square voltage pulse, with the 
orientation of final P^. If the achieved polarisation state is then the final P, is 
found to be positive in sign( oriented downward inside the sample according to our 
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Fourth region of the depolarisation 
Characterisitics 



Fig 3 7 Schematic of P(t)-P(2t) Plot 


convention) and if the achieved state is +Pr) then the final is negative (oriented 
upward inside the sample). 

The results of the depolarisation measurements are given in the form of tables 
which contain the following parameters: 

1. Initial rise of polarisation given by Pl{mij,C/cnn?) 

2. Rise of polarisation in the second region given by P2{inij.C / cm?) 

3. Loss of polarisation in the third region given by P3(iniJ.C/cm^) 

4. Loss of polarisation in the depolarisation region given by P4(in/iC/cm^) 

5. Polarisation loss in percentage (compared with remanent polarisation Pr) 

6. Initial value of internal bias (in kVfcm) 

7. Final value of internal bias F, (in kV/cm) 

8. Time constant of the decay of polarisation (in sec) 

The coercive field value Ec is not tabulated because this parameter is not affected 
by the depolarisation measurements. In some cases the time constant of the decay 
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process is not tabulated because of the fact that decay process is very slow in these 


cases 


3.5 Depolarisation Measurements on the Fast Fired 
Sample 

The depolarisation behaviour of the fast fired sample is studied with respect to 
adopted experimental parameters like pulse height, pulse width and temperature. 

3.5.1 Dependence of the Depolarisaton Characteristics on 
the Magnitude of the Applied Voltage Pulse 

For this study, depolarisation measurements are carried out on the fast fired sample 
(mentioned hereafter as capacitor-1). Two different magnitudes of switching voltage 
15V and 20V are chosen and width of pulse in both these cases is 3.25s. The 
monitoring time for polarisation in the depolarisation measurements is one hour. 

The depolarisation behaviour in four different cases of switching and non-switching 
of polarisation are given in Figs. 3.8—3.11 The loss of polarisation is observed in 
all four cases. The loss of polarisation in —Pr : N.S.C. and +Pr : N.S.C. is small 
compared to the switching cases.In all the four cases, the rate of loss of polarisation 
is slow and hence the time constant is not calculated for the decay process. In 
the -Pr : N.S.C. towards the end of measurement time, there is a slight increase 
of polarisation. But, this is due to small fluctuations in the values of polarisation 
while the decay is taking place. The results of the measurement is given in Table 

3.2. 

In the depolarisation measurements with pulse height being 20V, the general 


41 



Table 3. 2 

Fast fired sample Capacitor-1 

Applied voltage = 15V Polarisation monitoring time = 3600sec 


Polarisation 

state 

Switching case 

Non-Switching case 


PI =69 P2=0 77 

PI =12 43 P2 = 2 71 


P3 = 8 54 P4=10 10 

P3 = 6 P4 = 3 49 

+Pr 

Polansation loss = 28 85 % 

Polarisation loss = 9% 


Initial El = 22 5 kV/cm 

Initial El = 4 68 kV/cm 


Final Ei = 4 63kV/cm 

Final Ei = -17 81 kV/cm 


Time constant = *** 

I 

Time constant = *** 


PI =76 15 P2 = 116 

PI =9 71 P2 = 3.10 


P3 = 7 38 P4 = 21 75 

P3 = 7 77 P4 = 1 94 


Polansation loss = 62 14% 

Polansation loss = 5% 

-Pr 

Intial El = *19 68 kV/cm 
Final El = -26 25 kV/cm 

Initial El = -26 25 kV/cm 

Final Ei= 6.56 kV/cm 


Time constant =*** 

Time constant = *** 


Table 3.3 

Fast fired sample: Capacitor - 1 

Applied Voltage = 20V Polansation monitonng time = 3600sec 


Polarisation 

state 

Switching case 

Non-Switching case 


PI =67 99 P2 = 0 77 

PI = 12.43 P2 = 2.33 


P3 = 9 32 P4 = 12 82 

P3 = 6.99 P4 = 7 38 

+Pr 

Polarisation loss = 36.62% 

Polansation loss = 21 .08% 

Initial Ej = 7.5kV/cm 

Initial Ei = -13 75 kV/cm 


Final &=8.75kV/cm 

Final El = -23.12 kV/cm 


Time constant = *** 

Time constant = *** 


PI =73.82 P2 = 194 

PI =8 57 P2 = 2.53 


P3 = 8.15 P4 = 2137 

P3=8.15 P4 = 0.77 


Polarisation loss = 61 .05% 

Polansation loss = 2% 

-Pr 

Initial Ei = -15kV/cm 

Initial El = -21.18 kV/cm 


Final Ei = -21.18 kV/cm 

Final Ei = 7.5kV/cm 


Time constant = **' 

Time constant = '** 
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Polarisation (mi-C/sqcm) Polarisation (mi-C/sq cm) 


fralnu-. of depolarisation behaviour in all the four regions of depolarisation charac- 
tenstics IS simihar to that of the corresponding cases in the 15V measurement i.e 
theie IS no remarkable change in the values of Pi, P2, P3 and P4. Here also the 
deca,y of polarisation is found to be slow in all four cases of switching of polarisation. 
The lesults of the depolarisation measurements with pulse height of 20V are given 



Fiq 3 8 Depoionsaion behaviour of 
-Pr S C in Fast fired capacitor- 1 



Log time 

Fig 3 10 Depolarisaion behoviour of 
+ Pr:S C in Post fired capacitor- 1 
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Log time 

Fig 3 9 Oepolorisaion behoviour of 
-Pr-N S.C in Fast fired copocitor-l 



Log time 

Fig 3.11 Depolorisoion behoviour of 
+Pr.N.S.C in Fast fired copocitor-1 
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in Tabic 3.3. Fiom, those rcsnlls wc can conclude that depolaristion behaviour is 
independent of the pulse height. 

3.5.2 Dependence of Depolarisation on the Width of the 
Applied Voltage Pulse 

For tins measurement, a fresh capacitor from the fast fired sample is chosen (capacitor- 
2) In this measurement only particular case —Pr'.S C is chosen for the study. Mag- 
nitude of the apiilicd voltage pulse is 15V and width of the applied voltage pulse 
aie cliosoii to be 3 25s, 10 25s, 20.25s and 30.25s. The results of the measurements 
are given iu Table 3 4 The changes in the values of polarisation in the four regions 
of depolarisation characteristics given by Pi, P2, P3 and'P4 are nearly of same 
magnitude for all pulse width adopted in this measurement The rate of loss of po- 



Fiq3l2 Depolarisation behaviour in 
-Pr;S.C of Fast fired capacitor~2 


44 




Table 3 4 

Dependence of depolansation on the width of the applied voltage pulse 
Pulse heights: 15V 

Fast fired sample capacitor-2 Polansation monitonng time =s 360Qsec 


Width of 
applied 
voltage 
pulse 

Case 

Remarks 

3 25sec 

-PrSC 

PI =75 76 P2 = 3 10 P3 = 8 54 

P4 = 21 75 

Polansation loss = 65 90% 

Initial B = 15 kV/cm Final Ei = -21 56 kV/cm 

Time constant = '** 

10 25sec 

1 

-PrSC 

PI = 73 43 P2 = 1 55 P3 = 6 99 

P4 = 16 31 

Polansation loss = 49 42% 

Initial El = -22 5 kV/cm Final Ei = -24 37 kV/cm 

Time constant = 

20 25sec 

-PrSC 

PI = 75 76 P2 = 2 33 P3 = 7 77 

P4 = 19 03 

Polansaton loss = 57 66% 

Initial El = 13 12 kV/cm Final Ei = -18 75 kV/cm 

Time constant 

30 25sec 

-PrSC 

PI =7421 P2=194 P3 = 6 99 

P4= 17 87 

Polansation loss = 54 15% 

Initial El = -1 8 75 kV/cm Final Ei * -22 5 kV/cm 
Time constant = *** 


larisation is slow in all four cases and hence the time constant of the decay process is 
not calculated. The depolarisation behaviour in the measurement with pulse width 
being 3.25s is given in Fig. 3 12. The depolarisation behaviour for the other pulse 
widths are similiar to measurement with pulse width of 3.25s. The polarisation loss 
lies in this measurements lies between 50-65%. Even by increasing the pulse width 
to 30.25s, the depolarisation behaviour did not show any appreciable change. Hence, 
we conclude that depolarisation behaviour is independent of pulse width. 

3.5.3 Back Switching and Decay Time Constant 

In all the depolarisation results presented so far, the amount of polarisation loss in 
different cases showed sample to sample variation and percentage of polarisation loss 
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Table 3 5 


Fast fired sample capacitor-3 Pulse height = 15 V 
Width of the voltage pulse = 3 25 sec 
Polarisation monitonng time = 3600 sec 


Case 

Remarks 

+PrSC 

PI = 73 43 P2 = 6 99 P3 = 6 66 

P4 = 48 57 

Polansation loss = 138% 

Initial Ei = -l4kV/cm Final Ei = 16 87 kV/cm 

Time constant = 975 sec 

■PrN S C 

P1 =5 05 P2 = 1010 P3 = 543 

P4 = 1 9 03 

Polansation loss = 54 37% 

Initial Ei = -13kV/cm Rnal Ei = 15kV/cm 

Time constant = *** 

-PrSC 

PI = 75 93 P2 = 9 71 P3 = 7 38 

P4 = 86 26 

Polansation toss = 246% 

Initial Ei = 15kV/cm Final Ei = -9 37kV/cm 

Time constant = 624 sec 

+PrN S C 

PI =10 09 P2 = 6 6 P3 = 6 21 

P4 = 47 76 

Polansation loss = 1 36% 

Initial El = •** Rnal Ei = -14 kV/cm 

Time constant = 975 sec 


within the measurement time window has been less than 65%. Also, the polarisation 
did not saturate till the end of measurement time. However, there were several 
samples, in which the polarisation decay was complete within our observation time 
itself. We choose one such sample (mentioned hereafter as Capacitor 3) to show the 
results of all four different cases of switching and non-switching of polarisation. The 
results of the measurements are given in Table 3.5. The complete backswitching of 
polarisation in the measurement time is observed in -Pr:S.C as shown in Fig. 3.15 
and polarisation loss in this case is 246%. Though the backswitching has started in 
-|-Pr:N.S.C and -i-Pr:S.C as shown in Figs. 3.13 and 3.14, it is not complete in these 
cases within the measurement time. This is indicated by polarisation loss of less 
than 200% in these cases. In -Pr;N.S.C, the depolarisation is slow and polarisation 


46 




Polarisation (mi-C/cnn 2) 


loss IS 54% 


On analysing ihc decay transients with TATS, we obtained well defined peaks 



Fig 3 13 Depolarisation behaviour in 
4-Pr N S.C of Fast fired cQpacitor-3 



Log time 


Fig 3 14 Oeoolarisation behaviour in 
+ Pr'S.C of Fast fired capacitor--3 



Fig.3.l5 Depolorisation behaviour in 
-Pr.S C of Fast fired capacitor-3 
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P(t)-P(2t) 


foi all cases except for —Pr NSC. where the decay process is slow The plot of 
P{t) — P{2t) Vs foi these three cases are given in Figs. 3.1C-3 18. Transients 



Log time Log time 


Fig 3 16 TATS Signal for +PrN S C ^ Signal For +Pr-S 

in Fast firec CopooitorJ) in Fast fired CopocitorS 



Log time 


Fig. 3 18 TATS Signal For -PriS.C 
in Fast fired Capaoitor3 
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simulated for exponential decay are plotted together with the experimental data for 
comparison The decay process in all the cases are found to be exponential and time 
constant for the decay are obtained as discussed in the earlier sections. The time 
constant of the decay process for the above mentioned cases are given in Table 3.5. 

3.5.4 Repeatibility of Depolarisation Behaviour 

The results presented so far clearly indicate that the depolarisation behaviour varies 
from one sample capacitor to another. In order to show the range of variations 
in the measured parameters in a single sample capacitor, we present the results of 
two runs of the depolarisation measurements, each run consisting of four cases of 
switching and non-switching of polarisation carried out on a sample (mentioned as 
capacitor-4). The behaviour of polarisation in the four cases of runl is as shown 
in Figs. 3.19-3.22. The results of the measurements in runl and run2 are given in 
Table 3.6 and 3.7. In the -Pr'.S.C of Runl, the loss of polrisation is n.Z2^C /cm?, 
i.e., the back switching of polarisation is complete in this case, which is indicated 
by the percentage of loss of polarisation being 208%. In the corresponding case in 
the ruii2, the loss of polarisation is 159% and in this case the backswitching is not 
complete. In -Pr ■ N.S.C. of Runl and Run2, the rate of decay of polarisation 
is slow and hence the loss of polarisation in these cases is low. In +Pr : S.C. of 
Runl, saturation of polarisation is attained after a loss of 30.69 fxC/cmP. In the 
corresponding case in the Run2, even after a loss of 66.66^C/cm , the saturation 
is not observed. The polarisation loss in +Pr : N S.C. of both runl and run2 are 
of nearly same value. The loss of polarisation in —Pr • N.S.C. is very small in 
both the runs. The time constant of decay in —P r ■ S.C. in runl is 1147s, while for 
corresponding case in run2 it is 1021s. The polarisation loss within the measurement 
time in the later case is less than the former. The time constant of decay m +Pr 
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Table 3 6 

Fast fired sample capacitor-4 Pulse height = 15 V 
W idth of the voltage pulse = 3 25 sec Polansation monitonng time = 1 hr 




Case 

Remarks 


Runi 

PrSC 

PI =85 09 P2 = 6 21 P3 = 8.15 

P4 = 77 32 

Polansation loss = 208% 

Initial B = 7 5 kV/cm Rnal B = -20 62 kV/cm 

Time constant =1147 sec 


Runi 

-PrN S C 

P1=66 P2 = 582 P3 = 699 

P4 = 3 49 

Polansation loss = 9% 

Initial El = 6 56 kV/cm Rnal B = 8 43 kV/cm 

Time constants*** 

w 

Runi 

+PrSC 

PI = 45 85 P2 = 3.1 P3 = 7 77 

P4 = 30 69 

Polansation loss = 8Z94% 

Initial El = 16 87 kV/cm Rnal B = 17.81 kV/cm 

Time sonstant = 1616 sec 

Runi 

+PrNSC 

PI = 14 76 P2 = 4 66 P3 = 7 38 

P4 = 22 53 

Polansation loss = 60 89% 

Initial Ei = 17 81 kV/cm Rnal B = -18 75 kV/cm 

Time constants*** 

Fc 

'idth of the ' 

Table 3 7 

ist fired sample • capaator-4 Pulse height = 15 V 
\/oltage pulse « 3 25 sec Poiansaton monitonng bme = 1 hr 


Case 

Remarks 

Run2 

-PrSC 

PI = 83.53 P2 = 4.66 P3 = 7 38 

P4 = 59 06 

Polansation loss = 159-62% 

Initial El = -24 37 kV/cm Rnal B = -31 87 kV/cm 
Time constant = 1021 sec 

Run2 

-PrN S.C 

P1 = 9,71 P2 = 5 82 P3 = 6 99 

P4 = 1 55 

Polansabon loss = 4% 

Initial El = -31 87 kV/cm Rnal B » 8,43 kV/cm 
Time constants'** 

Run2 

+PrSC 

PI =74,21 P2 = 233 P3 = 699 

P4 = 65 66 

Polansabon loss = 177.45% 

Initial El = 25 31 kV/cm Final B = 1 6 87 kV/cm 
Time constant = 1441 sec 

Run2 

+PnN S C 

P1 =13 98 P2 = 5.82 P3 = 7.77 

P4 = 31 86 

Polansabon loss = 86.10% 

Initial El = 16.87 kV/cm Final Ei = -1 8 75 kV/cm 
Time constant = *** 
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Polarisation (mi-C/cm 2) Polarisation (mi C/cm 2) 


S C. of runl is 1616s and the time constant for the corresponding case in run2 is 
1441s Polarisation loss in the later case is more than the former. Hence we conclude 



Fiq 3 19 Depolarisation behaviour in 
-Pr S C of fast fired copacitor-4 



Log time 


Fig 3 20 Depolarisation behaviour in 
-Pr-N S.C of fast fired coDQCitor-4 



Fig 3 21 Depolorisotion behoviour in 
+ Pr S.C of fast fired capacitor-4 



Fig. 3 22 Depolorisotion behaviour in 
+ Pr N S.C of fast fired copacitor— 4 
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thal, Uiough qualitatively the behaviour remains the same, there are variations in 
numotical values of the parameters For, example the time constant ranges between 
lOOO- 1600s. These variations arc most probably due to sensitivness of to the 
nioasiirement sequence. It is also noted that thc.se variations in numerical values 
were moie for those capacitors showing faster depolarisation i.e. backswitching 
plicnomena. 

3.5.v5 Temperature Dependence of Depolarisation 

One general feature of the depolarisation characteristics is that decay of polarisa- 
tion in the dejiolarisation icgion is always exiioncntial in nature In order to detect 
any change in the rate of decay of polarisation at temperatures higher than room 
tempi'raturc, -P,- • .S C. is studied on a sample (mentioned as Capacitor-4), ac- 
cording 1,0 two different temperature schedules. In the temperature schedule-1, the 
sample temperature is increased throughout the measurement time and maximum 
tr'inperature reached at the end is 88°C. The depolarisation characteristics with this 
temperature piofile is is given in Fig,3.23. The small fluctuations in the polarisation 



Fig. 3 23 Depolarisolion behoviour in 
-Pr;S.C of Fast fired capocitor-4 
with varying temperoture 
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values throughout the mefusuicment time is due to ac pickup from the thermocouple 
used for t,he temperature measurement. The above fact has been confirmed by doing 
(,hc measurements without the thermocouple 

Tn the depolarisation measurements with temperature schedule-1, since the mea- 
surements starts at room temperature, the initial Ei is recorded at room tempera- 
ture. The time constant for the decay process is found to be 1818s. The loss of po- 
larisation in this case is 42.74/iC/cTn^ and saturation of polarisation is not observed. 
The decay remains exponential in spite of continuous changes in temperature 

In the tcmpeiatme schcdule-2, the temperature of the sample is maintained at 
1 Ib^C, tluoughout the moasureinent time of one hour. Both the intial Ei and final 
]% aie ri'coided at 1 tb^C The behaviour of polarisation with time in this case is 
shown in Fig 3.24 In this case also the depolarisation characteristics is of same 



Fig. 3.24 Depolarisation behaviour in 
-Pr:SC of Fast fired capacitor-4 
at 115 C 
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Table 3 8 


Temperature dependence of depolarisation 
Fast fired sample ' Capacitor - 4- Pulse height = 15 V 
Width of the voltage pulse = 3 25sec * Polarisation monitonng time = 1 hr 


Case 

Sample 

Temperature 

Remarks 

-Pr.S C 

Varied throughout 

Measurement 

Maximum T = 88 C 

PI = 68.38 P2 = 2.71 P3 = 7.95 

P4 = 42.74 

Polansation loss = 133.56% 

Initial El = -29 06 kV/cm 

Final Ei = -14 06kV/cm 

Time constnat = 1818 sec 

-Pr:S C 

Maintained at 

115C 

PI = 62.94 P2 = 2.71 P3 = 8 1 5 

P4 = 31 47 

Polansation loss = 104.9% 

Initial El = 0.93 kV/cm 

Final El = -26.25 kV/cm 

Time constants 1441 sec 


nature as that of the room temperature measurement. The smaU fluctuations m 
the values of polarisation throughout the measurement time is due to same reason 
discussed earlier. The time constant of the decay process in this case is 1441s. The 
results of the above two measurements ate given in Table 3.8. 

The time constant of the decay process with temperature schedule-1 is 1818s 
which is larger than the room temperature value by 670s. The time constat tor the 
decay process with temperature schedule-2 is larger than the room temperature value 
by 250s. But it is to be noted that a time constant difference of nearly same order 
is observed between the different cases of switching of polarisation in capacitor-4. 
Hence, the slow nature of decay with increase of temperature cannot be attributed to 
the high temperature since same behaviour is observed in room temperature values 
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also. The important point to be noted in the depolarisation measurements with 
tcnnpcuature profile-1 is that even when the temperature is varied throughout the 
m(\'isuiement the decay process is exponential. The possible reasons for temperature 
m(l('prMKlence will be discussed in Chapter 4 


3.6 Depolarisation Measurements on the Slow 
Fired Sample 

Tlu; polarisation of the slow fired sample saturates at 25V and hence this voltage is 
( ho, sen foi the magnitude of the apiilicd ,sf|nni(; voltage inil.se. A.h discu.s.scd in i.lie 
('aiher section, the sample is polarised to the desired polarisation state by carrying 
out the P-E measurcnionts on the sample at 25V. All the four cases of switching 
and non-switching of the pievious polarisation state of the sample is carried out. 
The monitoring time of polarisation in the depolarisation measurements is 20005. 
The depolaristion behaviour in different cases are given in Figs. 3.25-3.27. In -fPr 
• N S.C the polarisation loss percentage is 182% and after this loss saturation of 



Fig. 3.25 Depolarisation behaviour in 
+ Pr;N.S C of slow fired sample 
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Table 3.9 


Slow fired sample Capacitor-A: Pulse height = 25V 
Width of the voltage pulse == 3 25sec 
Polansaton monitonng time =2000sec 


Case 

Remarks 

+PrN S.C 

P1 =17 90 P2=: 21.26 P3=: 12.28 

P4=; 62.10 

Polansation loss = 182.14% 

Initial B = -20kV/cm Final Ei = -20kV/cm 

Time constnat = 288 sec 

+PrSC 

PI =7945 P2 = 20.14 P3 = 15.10 

P4 = 57 07 

Polansation loss = 167 85% 

Initial B = -20 kV/cm Rnal B = 6 kV/cm 

Time constant = 288 sec 

.PrN.S C 

PI =1622 P2 = 2182 P3 = 12.86 

P4 = 19 58 

Polansation loss = 57 58% 

Initial B = -1 0 kV/cm Rnal B = 5 kV/cm 

Time constants*** 


of polarisation is observed. In both these cases the time constant for the decay 
process is 288s, which is three times less than that of the fast fired samples. In -Pr 
: N.S.C. the decay process is slow and hence the polarisation loss is low. In —Pr 
: S.C. last of our measurements on the sample, the sample gets shorted during the 
depolaristion measurements. It is indicated by the huge rise of polarisation of about 
520MC/cm2 in the second region of the depolarisation characteristics. The rise is 
attributed to the presence of large lekage current. The hysteresis loop obtained after 
this measurement is disorted confirming the above fact. The results of the above 

measurements are given in Table 3.9. 

It is generally observed that the slow fired samples get easily shotted during 
the electrical chracterisation and this fact arises from the observation of frequent 
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shortings of slow fired samples in the P-E measurements. It is due to this reason 
the sample capacitor is is damaged during the depolarisation measurements in the 
previous case. Hence, it is not possible to study the depolarisation behaviour with 
respect to other adopted experimental parameters like pulse height, pulse width and 
temperature. 

3.7 Temperature and Electric field Dependence 
of Internal Bias 

In all the depolarisation measurements with respect to different experimental pa- 
rameters there exists a common relation between the polarisation achieved in the 
depolarisation measurements and the final E^. When the polarisation achieved is 
-Pr (either by +Pr : S.C. or -Pr ; N.S.C.), the final E^ is always found to be 
positive. Compared to the initial Ei, the movement of final asymmetry is towards 
the positve field axis. When the final polarisation achieved is -pPr, the behaviour is 
completely opposite. Hence, there exists a definite relation between the polarisation 
achieved and Ex movement. 

In order to get more insight about the nature of Ex, it is studied as a function of 
applied electric field and temperature. Hysteresis loops are recorded on the sample 
by carrying out P-E measurments on the sample at different voltages from lOV to 
40V and the corresponding values of Ex are calculated from the asymmetry of the 
hysteresis loop along the field axis. The results of the measurements axe given in 
Table 3.10. The Ei values calculated at different field values are of same magnitude 
and hence it is clear that Ex is independent of applied electric field. 

The Ex is also studied as a function of temperature. For this measurement, Ei 
is recorded at different temperatures on two sample capacitors(capacitor 4 & 5). 
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Table 3 10 

Electee field dependence of Internal bias 


Applied Electric 

Field 

E(applied) 

( kV/cm) 

Field due to 

Internal bias 

El 

( kV/cm ) 

125 

31.18 

187 5 

30.93 

250 

29 93 

312 5 

28.12 

375 

28.12 

437.5 

28.43 

500 

30 


The results of the measurement are given in the Table 3.11. In the case of sam- 
ple capacitor-5, initial Et is negative and it’s value found to increase with increase 
in temperature. In the case of sample capacitor-4, initial Ei is positive and it’s 
magnitude is found to decrease with increase in temperature. The two sets of mea- 
surements can be summarised by noting that the +Pr state becomes progressively 
more stable with increase in temperature. Another feature of this measurement is 
that coercive field Ec is also found to decrease with increase in temperature. 

3 . 8 Influence of P-E Meausurement s on Internal 
Bias 

In all our measurements, the internal bias E, is calculated from the asymmetrj- of 
the hysteresis loop along the field a^s. But, we find that the values of E, itself get 
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Table 3 1t 

Temperature dependence of internal bias 
Fast Fired Sample: Capacitor -4 


Temperature 
( in K ) 

Ec 

(kV/cm) 

Ei 

(kV/cm) 

303 

83.43 

17.81 

323 

77.81 

14.06 

343 

72.18 

12.18 

363 

67.5 

9.37 

388 

64.68 

10.31 


Fast Fired Sample: Capacitor-5 


Temperature 

(inK) 

Ec 

(kV/cm) 

Ei 

(kV/cm) 

315 

82.5 

-3.75 

328 

78.75 

-7.5 

339 

76.87 

-9.37 

348 

74.06 

-14.06 
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At point A El = 1 6 87 kV/cm 
At point B B = 18 75 kV/cm 



At point A El = 23 43 kV/cm 
At pom B El = 9 37 kV/cm 


Rg. 3 28 Modulation of internal Bias Ei By P-E 
Measurements 


influenced by the measurement sequence adopted for the P-E measurements. As 
discussed earlier in the Chapter 2, the voltage sequence used for P-E measurements 
are of triangular in nature and the measuring frequency is 0.4Hz. We measured the 
values, without changing the measuring voltage sequence ( points A and B m the 
Fig.3.28). The E, obtained corresponding to point A is 16.87 kV/cm and at point 
B it is 18.75 kV /cm. Hence when the measuring voltage sequence is not changed, 

the change in the values of Et is very small. 

In the second measurement, we changed the measuring voltage sequence as shown 
in Fig. 3.28. The E^ values are recorded at points A and B. At point A Ei is 23.43 
kV /cm and at point B it is 9.37 kV/cm. The change in measuring voltage sequence 
has changed the measured E. value. But, it is to be noted that measuring voltage 
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sequence 
the sign 
chapter. 


affects only the magnitude but not the orientation of (in other words, 
of Ej). The origin of variation of will be discussed in the following 
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Chapter 4 


Discussion 


In order to study depolarisation phenomenon in ferroelectric capacitors, we have 
used a novel experimental sequence which has yielded new results and significant 
correlations. In a nutshell, our procedure was first to take the sample to desired 
polarisation state through application of external voltage, the sequence of which is 
same as that of one used in P-E measurements. Then, a square voltage pulse is 
applied to force the sample to either change it’s existing polarisation state or to 
augment the existing state and then the remanent polarisation is monitored as a 
function of time in the absence of external voltage. Further, hysteresis loops are 
recorded before and after the measurements to detect possible changes in other 
electrical parameters such as etc. Before discussing our model for the de- 

polarisation characteristics we reiterate the three most important empirical facts 
(Cf.§Chapter 3). 

1. Our result establishing the relationship between forced polarisation state and 
internal bias Ei shows that E, helps in stabilizing a preferred polarisation state and 
E^ can be changed by application of external voltage. In other words, Ei has the 
memory of the forced polarisation state. 


63 



2. We also have shown that if time constant of decay is within the range of our 
monitoring interval, the sample polarisation not only decays, in fact it assumes the 
opposite polarisation state. This happens apparently in the absence of any external 
voltage. That is to say, depolarisation in these cases is not merely loss of polarisation 
but assumption of reverse polarisation state. Hence, the depolarisatton field must 
have a definite orientation that is opposite to the prepared polarisation state of the 
sample to force the sample to reverse it’s polarisation state. 

3. From our transient spectroscopic analysis, we have found that the polarisation 
decay is exponential in nature. Hence, the strenght of the depolarisation field must 
be constant during the period of depolarisation. 

If the depolarising field were dependent on the instantaneous value of sponta- 
neous polarisation, then decay would be necessarily non-exponential for large values 
of change in the remanent polariation. 

These three facts taken together help in building a possible model for origin of 
depolarisation. The exponential nature of the decay of polarisation rules out the 
involvement of either the standard capacitor used in the modified Sawyer-Tower cir- 
cuit or any linear capacitor inside the sample in providing the depolarisation field, 
Since potential of any such capacitor would be time dependent reflecting the time 
dependence of polarisation, rendering the decay of polarisation non-exponential. 
Therefore, the depolarising field must be such that i) it is constant (time indepen- 
dent), ii) it responds to external field and iii) must have it’s origin in the sample 
itself. Note that these are the observed characteristics of internal bias in the sample 
as well. Hence, we propose that internal bias itself is the most dominant source of 

depolarisation. 

In order to aid the discussion of various cases studied in the last chapter, we 
introduce the following notation: Negative polarisation state -Pr is represented as 
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Fig 4 1 Schmeatic of orientations of 
Polansation and Internal Bias in the 
absence of external Field 


up arrow which is the direction of the external applied field to obtain this state and 
the corresponding electric field due to polarisation is oriented downward . Positive 
polarisation state is represented as an down arrow and corresponding field due to 
polarisation is oriented upwards. We already know from experiment that the internal 
bias is oriented in the direction opposite to the polarisation direction. This state 
can be represented pictorially as given in Fig. 4.1. 

Clearly, in this configuration E^, being opposite to the polarisation direction 
would try to reorient the domains in it’s direction causing the observed depolarisa- 
tion or polarisation reversal. The rate or depolarisation would then depend on the 
magnitude of Ex. Since the magnitude of Ex is smaller than the coercive field Ec in 
all cases, it is only to be expected that the polarisation reversal is extremely slow 
process[22, 23, 24]. More detailed discussion of time constant of decay will be taken 
up in a later section. 

Recall that, Ex is connected to the prepared polarisation state. Hence, we assume 
that the origin of internal bias is such that it’s orientation can be can be changed 
by the applied electric field. There have been reports of systematic observation of 
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internal bias which has been attributed to the formation of defect dipoles mainly 
in the doped sample. The physical origin of defect dipoles will be discussed in a 
later section. We first show that orientation of internal bias leads to consistent 
explanation of all our cases studied in this work. 

For example, in the -P/.S.C. in runl of capacitor-4, the achieved polarisa- 
tion state is +Pr and final is negative. In this case, complete backswitching 
of polarisation state (from +Pr to -Pr) is observed. When an external field is 
applied to switch the -Pr state, the depolarisation field developed is in opposite 
direction to the applied field and the net polarisation is in the field direction. Once 
the field goes to zero, the orientation of the depolarising field and polarisation are 

as given in Fig. 4.2. 

R:om the figure it is clear that the opposite field due to internal bias wiU reorient 
the domain polarisation. Depending upon the magnitude of internal bias there 
may be either loss or switching back of polarisation state during the measurement 
interval. In -P.iN.S.C. in runl of capacitoi-4, the loss of polarisation is small 

, . . . Thiq i<? due to the fact the value of in this 

and backswithcmg is not observed, ihis is one ro 
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case IS small. This argument holds for all cases irrespective of the experimental 
parameters. The perusal of each case of measurement shows that there is qualitative 
agreement between the above scheme and occurence of depolarisation. However, 
there are quantitative variations in the decay time constant and hence the amount 
of polarisation loss observed during the time window of observation. It varies from 
very small to 200 %. The former would be for a case where the value of Ei is small 
and in the later case it is large. 


4.1 Critical Comparison of existing Models 

In this section we compare the existing models of depolarisation field mentioned in 
the literature in the light of our results. The key argument of the three models are 
listed below; 

1. Depolarisation is due to depolarising field from an interfacial capacitor inside the 
sample[10] 

2. Depolarisation is due to depolarising field from the standard capacitor used in 
the depolarisation measurements. This model includes the possibility of depolarising 
field from the interfacial capacitor[8] 

3. The existence of internal bias is correlated with defect dipoles and hence the 
defect dipoles should be considered as possible source of depolarising field. 

4.1.1 Capacitor Models 

According to the first model proposed by Benedetto et al, the depolarising field is 
attributed to the field due to presence of non-switching layers inside the film. In 
this model, even if the external field goes to zero the depolarising field represented 
as Edit) appears in the film due to the charging of linear interfacial capacitor. 
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Benedetto et al argue that Edit) is greater than coercive field Ec and the depolari- 
sation process will stop once the Ed{t) is equal to Ec- In their model they propose 
that the depolarising field at any instant of time is directly proporitonal to the 
remanent polarisation at that instant. Note that if Ed{t) > Ec, one expects very 
fast and non-exponential depolarisation. However this model would fail to explain 
the backswitching of polarisation, since the depolarising field becomes zero as the 
spontaneous polarisation decays to zero. Further, the occurence of exponential de- 
cay over three orders of magnitude in time contradicts the expectations from this 
model. Benedetto et al do propose that the long time behaviour would be exponen- 
tial but for only small changes in polarisation values. Recall that we observed 200% 
change in polarisation and yet the decay is exponential. 

The second model to explain the depolarisation which is proposed by Mihara 
et al[8] is based on the depolarising field from the standard capacitor used in the 
depolarisation measurements. The working of this model is nearly same as that 
of interfacial capacitor model except for the fact that the interfacial capacitor is 
replaced by an external capacitor. But in our measurements, we found that rate 
of decay of polarisation is found to be independent of the voltage drop across the 
standard capacitor, since the voltage drop is itself very small. This model also suffers 
from the same problems as discussed for interfacial capacitor model. However, if the 
value of the standard capacitor is deliberately chosen to be low, as has been done 
by Mihara et al, it’s' effect would certainly be noticed as has been observed by them. 
However, this would be a trivial source which can be avoided by simple changes m 

the memory cell design. 
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4.1.2 Defect Dipole Model 

The existence of defect dipoles in the bulk PZT is proposed many researchers, though 
the exact origin of it is not clear. Takahashi[25] studied the internal bias effects on 
the ageing properties of the lead zirconate titanate for a long time. He carried out 
an extensive of study of internal bias in PZT, by doping the samples with donor 
(La,Nb) and acceptor (K,Fe) impurities. He observed that the internal bias effects 
are more predominant in samples doped with acceptor impurities compared with 
doping with donor impurities. The acceptor impurities have a valence less than that 
of the constituent atoms and hence while substituting for they produce oxygen 
vacancies by valence compensation. He predicted the possibility of formation of the 
defect dipole complexes between the oxygen vacancies and acceptor impurities. 

Lambeck et al[26] studied the ageing effects in BaTiOz single crystals doped with 
Mn. They observed the stabilisation of polarisation state which will lead to asym- 
metry along the field axis in the hysteresis loops. They attributed the stabilisation 
polarisation to the presence of defect dipole complexes (In this case ; Vo^'^ 

associates). 

Lohkamper et al[27] studied the growth of internal bias and decrease of internal 
bias by forced switching of polarisation by an ac field in Ni-doped BaTiOz single 
crystals. On the basis of their observation, they propose a model based on defect 
dipole complex Ni'^~ : to explain both the growth of internal bias and it’s 

decrease by forced switching. 

Pike et al[28] studied the voltage offsets in PLZT thin films (0.3/im). The term 
voltage offset used by them represents the asymmetry along the field axis in the 
hysteresis loops. They observed that the voltage offsets are changed by applying a 
dc bias to the sample and then either heating the sample or shining UV light on the 
sample. Though they attribute the voltage offsets to the presence of defect dipoles 
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inside the sample (in this case defect dipole complexes consists of lead and oxygen 
vacancies) , the explanation for the phenomenon of is based on the trapping of charge 
carriers 

However, even if the existence of defect dipoles does explain the existence of 
internal bias, it would fail to explain the fact that the depolarisation field is time 
independent. If the external voltage is able to orient the defect dipoles, so would 
be the internal electric field due to spontaneous polarisation in the absence of the 
external voltage. 

4.1.3 Proposed Model For Depolarisation 

From the foregoing discussion, it is amply clear that the none of the existing models 
would be able to provide a cogent explanation of exponential backswitching of the 
polarisation state. We have seen that the depolarising field developed in response 
to the applied field is in the direction opposite to the net polarisation and should 
remain constant in the absence of the external field Hence, we propose that the 
origin of the depolarising field and internal bias lies in the space charge layers at the 
interface. The requirement then is that the net charge developed in the space charge 
region on application of applied field is such that the field developed is opposite to 
the external field. For example, in a particular case, the space charge configuration 

may be as shown the Fig. 4.3. 

Further, the charge developed must be immobile so that the field due to domain 
polarisation is unable to make them move. This points to the involvement of immo- 
bile species such as lead vacancies. On the basis of these clues, it is now possible to 

develop a scenario concerning the origin of the space charge. 

Scott et al[29] studied the effects of space chaerge regions on the electircal char- 
acterization of the PZT thin films prepared by the sol-gel technique. They earned 
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Fig. 4.3. Schematic showing 
Origin of Depolarising Field 

out Auger measurements to find out the variation of oxygen vacancy concentration 
normal to the film. The results of the measurement are reproduced in Fig. 4.4. It 
can be noted from this data that the oxygen concentration is not the same through- 
out the film: Rather it decreases sharply near the metal electrodes. It drops to 
approximately 50% of it’s value in the center of the film, while still 20nm from the 
Pt surface. This creates a oxygen deficient region that may be n-type in contrast 
to p-type PZT throughout the interior of the film. The oxygen deficient regions is 
present near the both the electrodes. 

The intertacial region in all probability also contain lead vacancies formed durmg 
the high temperature processing. Hence, it is reasonable to assume that the hkeh- 
hood of occurence of defect associates between lead and oxygen vacancies is quite 
high in these regions. Recently, Pike et alpS] invoke their presence in interpreting 
their results on voltage offsets in hysteresis loops. It is also quite weU known in 
the literature that electrically, metal-PZT interfaces act as Schottky diodes. Hence, 
the presence of space charge region at the interfaces due to the Schottky barrier is 
but natural. On application of external voltage, one of the Schottky barrier gets 
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CONTACT INTERFACE 



Fig. 4.4 Auger Microprobe Data For PZT Film With Ft and Au 
electrodes (RefiScott et al) 
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forward biased and the other reverse biased. We propose that the defect-associates 
get charged due to trapping of carriers in the forward bias junction and detrapping 

occurs in the reverse biased juction. For example a Pb O"*”*' defect can develop 

negative charge on capturing of an electron which gets injected when junction gets 
forward biased. Hence, a negative space charge would be produced next to the posi- 
tive electrode for the applied bias as shown in Fig. 4.3, if we consider the interfacial 
region to be n-type. More detailed studies are required to identify the exact nature 
of the trapping sites and the trap energy associated with it. Most likely the defect 
dipole associates are mid gap acceptors, communicating with the conduction band. 

A quantitative study of depolarisation time constants and it’s relation to the mea- 
sured internal bias is at present dilFcult. Though, our internal bias measurements 
provide qualitative guide quite well, the measured values can have large uncertaini- 
ties. In the last chapter we have shown that the measured value of internal bias 
depends crucially on the sequence of voltage applied to measure hysteresis. This 
can be either due to progressive partial charging of the traps in the space charge 
region or movement of free charges such as oxygen vacancies. Careful measurements 
witli high frequency hysteresis loops are required to remove this ambiquity. Note 
that typical frequency of our hysteresis loop measurement is 0.4Hz. Hence, the 
mea.surement process itself in part can modify the internal bias. A high frequency 
hysteresis loop measurement is at present being set-up in our laboratory to overcome 

this difficulty. 

However, undoubtedly the maximum internal bias in our sample is in the range 
of 30-40kV /cm . Scott et al and others have established that there exists an activa- 
tion field of the order of 600kV/cm for polarisation switching Hence, the observation 
of slow depolarisation in our experiments is in qualitative agreement with field ac- 
tivated switching. 
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The independence of depolarisation behaviour on the pulse height and pulse 
width arise from the fact that the internal bias values are not affected by these 
parameters. This has been confirmed by our experiments. The value of the internal 
bias remain unchanged upto applied field values of 500kV/cm. The capture and 
emission time constants are probably faster than the time scales of applied voltage 
in this work and hence the independence of of depolarisation behaviour on pulse 
width, hdore detailed studies of trap kinetics as a function of temperature^ specially 
at lower temperature, is necessary to ascertain the pulse height and pulse width 
dependence. 

The depolarisation decay charcteristics remains exponential even when tempera- 
ture is increased from 300K to 350K during the depolarisation measurements. This 
indicates that depolarising fields does not change significantly in this temperature 
range. The observed time constants at different temperatures also do not show 
any systematic change and remains at the values observed at room temperature. 
The switching of polarisation though field activated, is not expected to be signifi- 
cantly temperature dependent below Curie terperature. However, the measurement 
of internal bias at different temperatures does show systematic changes as already 
presented in Table 3.11. It shows that keeping the measurement frequency same, the 
internal bias shift towards negative field values with increasing temperature. This 
means that application of cyclic voltage (0.4Hz triangular) is making the -f Pr state 
more stable at higher temperatures. This may be due to asymmetry in the nature 
of the Schottky contacts of the sample. Recall that the two metal contacts are 
prepared from very different process steps. Also, note that this needs to be inves- 
tigated with high frequency measurements, since the very process of measurement 
of Ei most likely changes it as discussed earlier. We believe that the systematic 
changes observed in E^ with temperature is more an indication of effect of frequency 
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on hysteresis measurements, rather than changes in absolute value of developed 
during pulse voltage application This we infer from independence of decay time 
constant of depolarisation at different temperatures. 
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Chapter 5 


Summary and Conclusions 


Thin films of ferroelectric lead zirconate titanate (PZT) have many potential appli- 
cations including that of non-volatile random access memory in computer systems. 
However, there are at present several problems relating to the electrical properties 
of these films such as fatigue, depolarisation and imprint which are not well under- 
stood. In this work we systematically study the depolarisation behaviour or loss of 
polarisation in absence of external voltage in sol-gel derived PZT thin films. 

Crack free films of P’i>i.o 5 (- 2 ’ro 53 T?o. 47)03 with thickness in the range of 0.8 — 
1.25/rm have been prepared using modified sol-gel technique on Pt substrates. Two 
different heating sequences, as developed by Majumder et al. in our laboratory, were 
employed. Films which are fired at 400° C and annealed at 700° C are termed as 
the slow fired and which are fired at 600° C and annealed at 700° C axe termed as 
fast fired films. 

Routine characterization of the sample have been carried out using several tech- 
niques including XRD to confirm the formation of the perovskite, P-E hysteresis 
measurements to check the ferroelectric nature and Capacitance- Voltage measure- 
ments to determine the dielectric constant of the films. 
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The depolarisation behaviour of PZT thin films have been studied using a new 
measurement sequence which consists of following steps: i) Polarising the sample to 
the desired polarisation state utilising the P-E measurements ii) Switching or rein- 
forcing the polarisation state by applying a square voltage pulse and iii) monitoring 
the remanent polarisation as a function of time. P-E measurements have been car- 
ried out at various steps to observe the possible changes in loop parameters. The 
depolarisation characteristics have been measured with respect to pulse height(15 
and 20V), pulse width (3.25-30.25sec) and temperature according to two schedules. 
Some of the significant observations and conclusions of this work are listed below. 

1. The hysteresis loops obtained from the PZT capacitors exhibited asymmetry 
along the field axis, indicating the presence of internal bias Et which favours a 
definite polarisation state in the sample. It is observed that this internal bias can 
be changed by external voltage pulse and this has been confirmed by demonstrating 
definite relationship between the achieved polarisation state and the final orientation 
of E,. 

2. In our measurements, we not only observed the loss of polarisation but also 
backswitching of polarisation states, i.e. the sample capacitor reverts back to it’s 
polarisation state which was assumed prior to application of voltage pulse forcing it 
to change the sign of remanent polarisation. 

3. We used an isothermal technique called time analysed transient spectroscopy (TATS) 
to analyze the polarisation decay transients. It is found that the decay of polari- 
sation is exponential with respect to time. The decay process with time constants 
less than 2000secs are determined using TATS.. There is sample to sample variation 
of the observed time constants which is most probably due to the inhomogeneous 
distribution of species responsible for producing the depolarising field. 

4. The decay process is generally much faster in slow fired films then m the fast 
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jfiied films. The slow fired films have a tendency to electrical shorting after a few 
cycles of measurement. 

5. From the exponential nature of the decay of polarisation, it has been concluded 
that the value of the opposing depolarising field remains contant in the absence of 
the external voltage. 

6. The result of our depolarisaton measurements with respect to pulse height, pulse 
width and temperature indicated that depolarisation behaviour is independent of 
these experimental parameters. 

7. It is found that the values of internal bias Ez obtained from low frequency 
hysteresis measurements (0.4Hz) are influenced by the measurement sequence it- 
self. Howev(u, it is observed that the orientation of Ei is not affected by the P-E 
measurements. 

8. W(! considered three existing models and found that they are unable to explain the 
crucial observations of our measurements such as exponential nature of polarisation 
d(!cay and backswitching of polarisation states. 

9. We propose a new model based on the depoalrising field arising from the asym- 
metry of charge distribution in the interfacial space charge regions due to trapping 
(detrapping) of charge carriers while applying a external voltage pulse. The expo- 
nential backswitching of polarisation state is attributed to the large and constant 
values of E^ which gets developed at the interfacial layers. The trapping sites are 
most probably due to immobile defects such as lead vacancy-Oxygen vacancy com- 
plexes. 
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5.1 Scope For Future Work 

On fch(! basis of our results, we suggest that this work can be extended along the 
following lines: 

1. High frequency P-E measurements can be made to quantify the relationship 
b(d-ween internal bias and depolarisation. 

2. Our measurements can be extended to wider temperature range and small pulse 
widths. 

3. Siiniliar measurements can be carried out in doped ferroelectric PZT films, es- 
pecially in acceptor doped films. Such measurements would help in quantitative 
elucidation of mechanisms underlying depolarisation and its relationship with inter- 
nal bias. 
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